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a b s t r a c t 
We study the determination of the symmetry that stabilizes a dark matter (DM) candidate produced at 
colliders. Our question is motivated per se , and by several alternative symmetries that appear in models 
that provide a DM particle. To this end, we devise a strategy to determine whether a heavy mother particle
decays into one visible massless particle and one or two DM particles. The counting of DM particles in
these decays is relevant to distinguish the minimal choice of Z 2 from a Z 3 stabilization symmetry, under 
which the heavy particle and the DM are charged and the visible particle is not. Our method is novel in
that it chieﬂy uses the peak of the energy spectrum of the visible particle and only secondarily uses the
M T 2 endpoint of events in which the heavy mother particles are pair-produced. We present new theoretical 
results concerning the energy distribution of the decay products of a three-body decay, which are crucial for 
our method. To demonstrate the feasibility of our method in investigating the stabilization symmetry, we 
apply it in distinguishing the decay of a bottom quark partner into a b quark and one or two DM particles.
The method can be applied generally to distinguish two- and three-body decays, irrespective of DM. 
c © 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.. Introduction 
Extensions to the Standard Model (SM) of particle physics are mo- 
ivated for various reasons; perhaps the most important among these 
s the necessity of a fundamental mechanism for electroweak symme- 
ry breaking (EWSB). Additionally, the related Planck-weak hierarchy 
roblem of the SM must also be addressed. In such extensions of the 
M, there generally exists a new particle at or below the TeV scale 
hich cancels the quadratic divergence of the Higgs mass from the 
op quark loop in the SM. Such a particle is typically a color triplet 
ith a signiﬁcant coupling to the SM top quark, and has an electric 
harge of + 2 / 3. Following the literature, we will generically call such 
articles “top partners” and denote them by T ′ . 1 These top partners 
ften come along with bottom partners, which we similarly denote 
s B ′ . The typical reason for this is that the left-handed (LH) top quark 
s in a doublet of SU (2) L with the LH bottom quark. We then expect 
op and bottom quark-rich events from the production and decay of 
hese new particles at the LHC. 
Another seemingly unrelated motivation for new physics at the 
eV scale is the evidence for the existence of dark matter (DM) in  
 
 
* Corresponding author. Tel.: + 1 8123228498. 
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1 In our work this name applies as long as the partners have interactions with the 
elevant SM particle, even if the partners do not directly cancel the Higgs mass diver- 
ence. 
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Open access under CC BY-NC-SA lithe Universe, combined with the absence of a viable DM candidate 
in the SM [ 1 ]. A well-motivated candidate for this DM is found in 
a stable weakly interacting massive particle (WIMP), especially one 
that arises as part of an extension to the SM at the TeV scale. The 
motivation for this new physics becomes even stronger when the 
extension to the SM solves other problems inherent in the SM. These 
scenarios often involve heavier new particles that are charged under 
both the symmetry that keeps the DM stable and the SM gauge group. 
These new particles should then be copiously produced at the LHC and 
must decay into DM particles and SM states, given that the latter are 
not charged under the DM stabilization symmetry. Thus we expect 
this new physics to give rise to events at the LHC with large missing 
energy, in association with jets, leptons, and photons. 
Combining the above two lines of argument, we realize that the 
most attractive scenarios are those extensions of the SM which not 
only solve the Planck-weak hierarchy problem, but also have a WIMP 
DM candidate. In this case, it is likely that the top and bottom partners 
are also charged under the DM stabilization symmetry. These exten- 
sions will then result in top and bottom quark-rich events at the LHC 
in which the new particles give rise to missing energy . The classic ex- 
ample of such an extension is SUSY, where R -parity stabilizes the DM 
[ 2 ]. The associated signals from the scalar top and bottom partners 
have been studied in great detail. A more recent example is little Higgs 
models [ 3 ] with T -parity [ 4 ]. Like SUSY, the signals from the fermionic 
partners of the top and other quarks in these models have been thor- 
oughly studied. In short, we ﬁnd that a search for events with top 
or bottom quarks and missing energy should be a top priority of the 
LHC. 
Once the existence of new physics has been established, the most cense.
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2 To the best of our knowledge, none of the earlier work on distinguishing DM 
stabilization symmetries at colliders has studied this speciﬁc case. urgent issue that will then have to be addressed is the determination
of the details of the dynamics underlying this new physics. In particu-
lar, it will be crucial to determine the properties of the top and bottom
partners using as model-independent an approach as possible. This
detailed study would also offer major hints regarding the resolution of
the Planck-weak hierarchy problem. For largely model-independent
work on fermionic bottom and top partners ’ discovery potential at
the LHC see Refs. [ 5 , 6 ] and for the determination of generic partners ’
spin and mass see Ref. [ 7 ]. 
However, we remark that in these works it has been assumed that
the top or bottom partner decays into only one DM particle, which is
expected when the DM is stabilized by a Z 2 symmetry. While Z 2 is
perhaps the simplest DM stabilization symmetry, it is by no means
the only possibility: see Refs. [ 8 , 9 ]. The point, especially in the case of
such non- Z 2 symmetries, is that more than one DM can appear in the
decays of top and bottom (and other SM) partners: for example, two
DM are allowed with Z 3 as in [ 8 ], but not with Z 2 . 
We believe that a truly model-independent approach to the deter-
mination of the top and bottom partners ’ properties should include
this possibility of multiple DM in addition to different spins for the
top and bottom partners. With this goal in mind, we aim to devise a
strategy that uses experimental data to determine the number of DM
in these decays and accordingly to identify the stabilization symme-
try of the dark matter. Below, we outline a general strategy and then
apply it to the speciﬁc case of bottom partner decays. 
We concentrate on the distinction between two general decay
topologies: 
A → b X and A → b X Y , (1)
where b is a (single) SM visible particle, X and Y are two potentially
different invisible particles and A is a heavier particle that belongs
to the new physics sector. In the context of the models that we have
discussed, A is the heavy particle charged under the DM stabilization
symmetry and the particles labeled X and Y are the DM particles. In
particular, we focus on scenarios where the two decays are mutually
exclusive, i.e. where the stabilization symmetry and the charges of
the involved particles are such that one decay can happen and not
the other. This mutual exclusivity can be the case with both Z 2 and
Z 3 as the stabilization symmetry. To wit, if the SM particle b is not
charged under the stabilization symmetry and all the new particles
A , X , Y are, then the Z 2 symmetry allows only for two-body decays
of A . On the other hand, both the two and three-body decays of A are
allowed by the Z 3 symmetry by itself. However, we assume that other
considerations forbid (or suppress) the two-body decay in this model.
We choose to concentrate on this realization of the Z 3 -symmetric
model in part because this is the case that cannot be resolved using
the results of previous work on the DM stabilization symmetry. This
is the case, for instance, in Ref. [ 10 ], where purely two-body decays
of A could be distinguished from mixed two- and three-body decays,
but not from the purely three-body decays that we are now taking
into consideration. 
In this paper, we develop a method based primarily on the features
of the energy distribution of the visible ﬁnal state b to differentiate
between the cases of purely two- and three-body decays. We remark
that this is the ﬁrst work to use the energy distribution of the the
decay products to study the stabilization symmetry of the DM. In fact,
other work has typically focused on using Lorentz invariant quan-
tities or quantities that are invariant under boosts along the beam
direction of the collider. This is the case for Refs. [ 10 –13 ]. In partic-
ular, Refs. [ 10 –12 ] used the endpoints of kinematic distributions to
probe the stabilization symmetry of the DM, whereas our method
relies quite directly on peak measurements and only marginally on
endpoint measurements. Additionally, we note that the methods de-
veloped in Refs. [ 12 , 13 ] apply only to the case where there are more
than one visible particle per decay. Therefore, our result for caseswhere there is only one visible particle per decay is complementary
to the results of the above references. 
Our basic strategy is explained in the following. It relies on a new
result: assuming massless visible decay products and the unpolarized
production of the mother particles, we will show that in a three-body
decay the peak of the observed energy of a massless decay product
is smaller than its maximum energy in the rest frame of the mother.
This observation can be used in conjunction with a previously ob-
served kinematic characteristic of the two-body decay to distinguish
the stabilization symmetry of the DM. Speciﬁcally, it was shown in
Refs. [ 14 , 15 ] that for an unpolarized mother particle, the peak of the
laboratory frame energy distribution of a massless daughter from a
two-body decay coincides with its (ﬁxed) energy in the rest -frame of
the mother. 
Clearly, to make use of these observations in distinguishing two
from three-body decays, we need to measure the “reference” values
of the energy that are involved in these comparisons. Moreover, the
procedure that is to be used to obtain this reference value from the
experimental data should be applicable to both two and three-body
decays. To this end, we ﬁnd that when the mother particles are pair
produced, as happens in hadronic collisions, the M T 2 variable can be
used. Thus, these observations make counting the number of invisi-
ble decay products possible by looking only at the properties of the
single detectable particle produced in the decay. However, it is worth
noting that our proof of the above assertion regarding the kinematics
of two- and three-body decays is only valid with a massless visible
daughter and an unpolarized mother. Therefore, care must be taken
when discussing cases with a massive daughter or a polarized mother. 
To illustrate the proposed technique, we will study how to distin-
guish between pair-produced bottom partners each decaying into a b
quark and one DM from pair-produced bottom partners each decaying
into a b quark and two DM particles at the LHC. 2 As discussed above,
a bottom partner appears in many motivated extensions to the SM,
so we posit that this is a relevant example. Furthermore, we remark
that the b quark is relatively light compared to the expected mass of
the bottom partner, so that our theoretical observation for massless
visible particles is expected to apply. Additionally, the production of
bottom partners proceeds dominantly via QCD and is thus unpolar-
ized. In this sense, the example of a bottom partner is well-suited
to illustrate our technique. Finally, it is known that the backgrounds
to the production of bottom partners may be rendered more eas-
ily manageable than for those of top partners [ 5 ], which would be a
well-motivated alternative example. 
Specializing to the example of bottom partners, our goal then is to
distinguish the two processes illustrated in Fig. 1 at the collider 
pp → B ′ B ′ → b b χχ for Z 2 , (2)
pp → B ′ B ′ → b b χχχχ for Z 3 , (3)
where χ is an invisible particle and a bar denote anti-particles. In these
processes, we assume that there are no on-shell intermediate states.
We consider the case where the decay into two χ can happen only if
the stabilization symmetry of the DM is Z 3 , while the decay into one χ
is characteristic of the Z 2 case. As said before, we focus on this scenario
because it has thus far been left uninvestigated by previous studies
on the experimental determination of the stabilization symmetry of
the dark matter [ 10 , 12 ]. 
From here, we organize our ﬁndings as follows: In Section 2 , we
review the current theory and we derive new results about the energy
spectrum of the decay products of two- and three-body decays. These
are then the foundation of the general technique presented in Section
3 for differentiating decays into one DM particle from those into two
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Fig. 1. The signal processes of interest for Z 2 (left panel) and Z 3 (right panel) stabilization symmetry of the dark matter particle χ . 
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oM particles. In Section 4 , we apply this technique to the speciﬁc case 
f bottom partners at the LHC. We conclude in Section 5 . 
. Theoretical observations on kinematics 
We begin ﬁrst by reviewing the relevant theoretical observations 
bout the kinematics of two-body and three-body decays. Speciﬁcally, 
e review the remarks on two-body decays described in [ 14 ]. We then 
eneralize this result to three-body decay kinematics and study the 
eatures that distinguish it from two-body decay kinematics. We also 
rieﬂy review applications of the kinematic variable M T 2 to two-body 
nd three-body decays and discuss the distinct features of the two 
ifferent decay processes [ 10 , 16 ]. 
For the two-body decay, we assume that a heavy particle A decays 
nto a massless visible daughter b 3 and another daughter X which 
an be massive and invisible: 
A → b X. (4) 
n the other hand, for a three-body decay the heavy particle A decays 
nto particles b , X and another particle Y 
A → b X Y . (5) 
ike particle X , particle Y can also be massive and invisible, but it is 
ot necessarily the same species as particle X . 
.1. The peak of the energy distribution of a visible daughter 
.1.1. Two-body decay 
It is well-known that the energy of particle b in the rest frame of its 
other particle A is ﬁxed, which implies a δ function-like distribution, 
nd the simple analytic expression for this energy can be written in 
erms of the two mass parameters m A and m X : 
E ∗b = 
m 2 A − m 2 X 
2 m A 
. (6) 
ypically, the mother particle is produced in the laboratory frame at 
olliders with a boost that varies with each event. Since the energy 
s not an invariant quantity, it is clear that the δ function-like distri- 
ution for the energy as described in the rest frame of the mother is 
meared as we go to the laboratory frame. Thus, naively it seems that 
he information encoded in Eq. (6) might be lost or at least not easily 
ccessed in the laboratory frame. Nevertheless, it turns out that such 
nformation is retained. We denote the energy of the visible particle 
 as measured in the laboratory frame as E b . Remarkably, the location 
f the peak of the laboratory frame energy distribution is the same as 3 We will consider the case of a massive daughter particle in future work. the ﬁxed rest-frame energy given in Eq. (6) ) 
E 
peak 
b = E ∗b , (7) 
as was shown in [ 14 , 15 ]. 
Let us brieﬂy review the proof of this result while looking ahead to 
the discussion of the three-body case. As mentioned before, the rest- 
frame energy of particle b must be Lorentz-transformed. The energy 
in the laboratory frame is given by 
E b = E ∗b γ ( 1 + β cos θ∗) = E ∗b 
(
γ + 
√ 
γ 2 − 1 cos θ∗
)
, (8) 
where γ is the Lorentz boost factor of the mother in the laboratory 
frame and θ* deﬁnes the angle between the emission direction of the 
particle b in the rest frame of the mother and the direction of the 
boost 
→ 
β , and where we have used the relationship γβ = 
√ 
γ 2 − 1 . If 
the mother particle is produced un polarized, i.e., it is either a scalar 
particle or a particle with spin produced with equal likelihood in all 
possible polarization states, the probability distribution of cos θ* is 
ﬂat, and thus so is that of E b . Since cos θ* varies between −1 and + 1 
for any given γ , the shape of the distribution in E b is simply given by 
a rectangle spanning the range 
E b ∈ 
[
E ∗b 
(
γ −
√ 
γ 2 − 1 
)
, E ∗b 
(
γ + 
√ 
γ 2 − 1 
)]
. (9) 
It is crucial to note that the lower and upper bounds of the above-given 
range are always smaller and greater, respectively, than E b = E ∗b for 
any given γ , so that E ∗b is covered by every single rectangle. As long 
as the distribution of the mother particle boost is non-vanishing in 
a small region near γ = 1, E * is the only value of E b to have this 
feature. Furthermore, because the energy distribution is ﬂat for any 
boost factor γ , no other energy value has a larger contribution to 
the distribution than E ∗b . Thus, the peak in the energy distribution of 
particle b is unambiguously located at E b = E ∗b . 
The existence of this peak can be understood formally. From the 
fact that the differential decay width in cos θ* is constant, we can 
derive the differential decay width in E b for a ﬁxed γ as follows: 
1 
Γ
d Γ
dE b 
∣∣∣∣
ﬁxed γ
= 1 
Γ
d Γ
d cos θ∗
d cos θ∗
dE b 
∣∣∣∣
ﬁxed γ
= 1 
2 E ∗b 
√ 
γ 2 − 1 
Θ
[
E b − E ∗b 
(
γ −
√ 
γ 2 − 1 
)]
Θ
[
−E b + E ∗b 
(
γ + 
√ 
γ 2 − 1 
)]
. 
(10) 
where the two Θ( E b ) are the usual Heaviside step functions, which 
here merely deﬁne the range of E b . To obtain the full expression for 
any given E b , one should integrate over all γ factors contributing to 
this E b . Letting g ( γ ) denote the probability distribution of the boost 
factor γ of the mother particles, the normalized energy distribution 
K. Agashe et al. / Physics of the Dark Universe 2 (2013) 72–82 75 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 f 2-body ( E b ) can be expressed as the following integral 
f 2 −body ( E b ) = 
∫ ∞ 
1 
2 
(
E b 
E ∗b 
+ E 
∗
b 
E b 
)dγ g ( γ ) 
2 E ∗b 
√ 
γ 2 − 1 
. (11)
The lower limit in the integral can be computed by solving the fol-
lowing equation for γ : 
E b = E ∗b 
(
γ ±
√ 
γ 2 − 1 
)
, (12)
with the positive (negative) signature being relevant for E b ≥ E ∗b ( E b <
E ∗b ). We can also calculate the ﬁrst derivative of Eq. (11) with respect
to E b as follows: 
f ′ 2 −body ( E b ) = −
1 
2 E ∗b E b 
sgn 
(
E b 
E ∗b 
− E 
∗
b 
E b 
)
g 
(
1 
2 
(
E b 
E ∗b 
+ E 
∗
b 
E b 
))
. (13)
The solutions of f ′ 2 −body ( E b ) = 0 give the extrema of f 2-body ( E b ), and
given the expression f ′ 2 −body ( E b ) in Eq. (13) , these zeros originate from
those of g ( γ ). For practical purposes, one can take g ( γ ) to be non-
vanishing for particles produced at colliders for any ﬁnite value of γ
greater than 1. 4 As far as zeros are concerned, two possible cases arise
for g (1) (corresponding to E b = E ∗b ). If it vanishes, f ′ 2 −body ( E b = E ∗b ) ∝
g(1) = 0, which implies that the distribution has a unique extremum
at E b = E ∗b . If g (1) 
= 0, f ′ 2 −body ( E b ) has an overall sign change at E b =
E ∗b . As a result, the distribution has a cusp and is concave-down at
E b = E ∗b . Moreover, the function f 2-body ( E b ) has to be positive to be
physical, and has to vanish as E b approaches either 0 or ∞ , which is
manifest from the fact that in those two limits the deﬁnite integral
in Eq. (11) is trivial. Combining all of these considerations, one can
easily see that the point E b = E ∗b is necessarily the peak value of the
distribution in both cases. 
2.1.2. Three-body decay 
We now generalize the above argument to three-body decays.
We denote the energy of the visible particle b measured in the rest
frame of the mother particle A as E b . We also denote the normalized
rest-frame energy distribution of particle b as h ( E b ). In the two-body
decay, this rest-frame energy is single-valued (see Eq. (6) ), and so the
corresponding distribution h ( E b ) was trivially given by a δ-function.
However, when another decay product is introduced, for instance,
particle Y in Eq. (5) , then the energy of particle b is no longer ﬁxed, even
in the mother ’ s rest frame: h ( E b ) 
= δ( E b − E ∗b ). Although the detailed
shape of this rest-frame energy distribution is model-dependent, the
kinematic upper and lower endpoints are model-independent. Since
particle b is assumed massless, the lower endpoint corresponds to the
case where energy-momentum conservation is satisﬁed by particles X
and Y alone. On the other hand, the upper endpoint is obtained when
the invariant mass of X and Y equals m X + m Y , which corresponds
to the situation where X and Y are produced at rest in their overall
center-of-mass frame. Thus, we have 
E 
min 
b = 0 , (14)
E 
max 
b = 
m 2 A − ( m X + m Y ) 2 
2 m A 
. (15)
For any ﬁxed γ , the differential decay width in the energy of parti-
cle b in the laboratory frame is no longer a simple rectangle due to
non-trivial h ( E b ). For any speciﬁc laboratory frame energy E b , contri-
butions should be taken from all relevant values of E b and weighted
by h ( E b ). This can be written as 
1 
Γ
d Γ
dE b 
∣∣∣∣
ﬁxed γ
= 
∫ E > b 
E 
< 
d E b 
h ( E b ) 
2 E b 
√ 
γ 2 − 1 
, (16)b 
4 It must be noted that due to the ﬁnite energy of the collider, there is a kinematic 
upper limit for the boost factor γ of the heavy mother particles. However, this kinematic 
limit is usually very large and can effectively be taken as inﬁnite. 
 
 
 where 
E 
< 
b = max 
[ 
E 
min 
b , 
E b 
γ + 
√ 
γ 2 − 1 
] 
= E b 
γ + 
√ 
γ 2 − 1 
, (17)
E 
> 
b = min 
[ 
E 
max 
b , 
E b 
γ −
√ 
γ2 − 1 
] 
, (18)
with E b running from 0 to E 
max 
b ( γ + 
√ 
γ 2 − 1 ). Again, since the visible
particle is assumed massless, E 
min 
b is zero and so the second equality
in Eq. (17) holds trivially. 
Finding an analytic expression for the location of the peak is difﬁ-
cult because of the model-dependence of h ( E b ), and it follows that the
precise location of the peak is also model-dependent. Nevertheless,
we can still obtain a bound on the position of the peak for ﬁxed γ .
Suppose that we are interested in the functional value of the energy
distribution at a certain value of E b in the laboratory frame; according
to the integral representation given above, the relevant contributions
to this E b come from a range of center of mass energies which go from
E 
′ 
b to E 
′′ 
b , where these are deﬁned by 
E 
′ 
b 
(
γ + 
√ 
γ 2 − 1 
)
= E b , (19)
E b 
(
γ −
√ 
γ 2 − 1 
)
= E b . (20)
Each energy contributes with weight described by h ( E b ), as implied
by Eq. (16) . 
Let us assume that E 
′′ 
b = E 
max 
b and denote the corresponding en-
ergy in the laboratory frame as E limit b , given by 
E limit b = E 
max 
b 
(
γ −
√ 
γ 2 − 1 
)
. (21)
From these considerations, it follows that all rest-frame energies in
the range from E 
′ 
b = 
E limit b 
( γ+ 
√ 
γ 2 −1 ) 
to E 
′′ 
b = E 
max 
b contribute to a cho-
sen energy in the laboratory frame, E limit b . On the other hand, any
laboratory frame energy greater than E limit b has contributions from
E 
′ 
b > 
E limit b 
( γ+ 
√ 
γ 2 −1 ) 
to E 
′′ 
b = E 
max 
b ; the relevant range of the rest-frame
energy values will shrink so that the peak cannot exceed E limit b : 
E 
peak 
b 
∣∣∣
ﬁxed γ
< E 
max 
b 
(
γ −
√ 
γ 2 − 1 
)
≤ E max b for any ﬁxed γ . (22)
In order to ensure that the ﬁrst inequality holds even for γ = 1, we
assume in the last equation that h ( E 
max 
b ) = 0, which is typically the
case for a three-body decay. In order to obtain the shape of the energy
distribution of particle b in the laboratory frame, all relevant values of
γ should be integrated over as with the two-body kinematics in the
previous section. Hence, the laboratory frame distribution reads 
f 3 −body ( E b ) = 
1 
	
d 	
dE b 
= 
∫ E > b 
E 
< 
b 
d E b 
∫ ∞ 
γmin ( E b , E b ) 
d γ
g ( γ ) h 
(
E b 
)
2 E b 
√ 
γ 2 − 1 
. (23)
Since the argument leading to Eq. (22) holds for every γ , the superpo-
sition of contributions from all relevant boost factors does not alter
this observation. Therefore, we can see that irrespective of g ( γ ) and
h ( E b ), the peak position of the energy distribution of particle b in the
laboratory frame is always less than the maximum rest-frame energy:
E 
peak 
b < E 
max 
b . (24)
To gain intuition on the magnitude of the typical difference between
the peak of the energy distribution in the laboratory frame and the
maximum rest frame energy, we show the ratio of the two as a func-
tion of γ in Fig. 2 . From the ﬁgure, it is clear that as the typical γ
increases beyond γ = 1, i.e., as the system becomes more boosted, the
location of the peak in the energy distribution becomes smaller. An
76 K. Agashe et al. / Physics of the Dark Universe 2 (2013) 72–82 
Fig. 2. Relative separation of the peak of the laboratory energy distribution from the 
maximal energy in the center-of-mass frame of the three-body decay kinematics as per 
Eq. (24) . The horizontal red dashed line marks a 10% variation of the peak energy from 
the maximal value in the rest frame. (For interpretation of the references to colour in 
this ﬁgure legend, the reader is referred to the web version of this article.) 
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appreciable shift of order 10% is achieved for a modest boost of order 
−1  10 −2 . 
It should be noted that all results here for both two-body and 
hree-body decays are valid to leading order in perturbation theory. 
he presence of extra radiation in the decay will effectively add extra 
odies to the relevant kinematics. Speciﬁcally, extra radiation can turn 
 two-body decay into a three-body one, which for our investigation 
ould constitute a fake signal of two DM particles being produced 
n the decay of a heavy new physics particle. Therefore, we have to 
emark that in some cases, for instance, when the heavy new physics 
s typically produced with very small boost, the differences between 
he two scenarios of DM stabilization may be tiny and a study beyond 
eading order may be necessary. From Fig. 2 it seems, however, that 
he typical effect of the presence of two dark matter particles per 
ecay of the heavy new particle is to easily induce an order one effect 
n the peak position. Therefore, we anticipate that such an effect 
ould be much larger than the expected uncertainty from higher 
rder corrections, which we estimate to be of order 10%. 
Before closing this section, we emphasize that we shall use the 
ight-hand sides of Eqs. (7) and (24) as “reference” values to which 
he measurements of their respective left-hand side values (extracted 
rom the energy distribution) are to be compared. In the next section, 
e show that such a reference value can, in fact, be extracted from an 
nalysis of M T 2 . 
.2. The kinematic endpoint of the M T2 distribution 
In this section, we review how the M T 2 variable is implemented 
or the two- and three-body decays of heavy particles produced at a 
ollider. For our M T 2 analysis, we make further assumptions as follow: 
) All massive decay products, i.e., particles X and Y in Eqs. (4) and 
(5) , are invisible; 
) The mother particles A are produced in pairs; 
) The entire decay process is symmetric in the sense that the mother 
particles are pair-produced and then decay to the same decay 
products, that is 
pp → AA , A → Xb or A → bXY , (25) 
for the two-body decay and the three-body decay, respectively. 
The last assumption is especially relevant to make contact with the 
roblem of distinguishing the Z 2 and the Z 3 dark matter interactions, 
s detailed in the introduction. 2.2.1. Two-body decay, one visible and one invisible 
The M T 2 variable generalizes the transverse mass to the cases 
where pair-produced mother particles each decay into visible parti- 
cles along with missing particles (see Ref. [ 16 ] and references therein 
for a detailed review). Speciﬁcally, it can be evaluated for each event 
by a minimization of the two transverse masses in each decay chain, 
under the constraint that the sum of all the transverse momenta of 
the visible and invisible particles vanishes. 
By construction, each of the transverse masses in both decay chains 
involve the mass of the invisible particle(s), and thus so does M T 2 . 
Since a priori we are not aware of the invisible particles ’ masses, we 
are required to introduce a trial mass parameter into the deﬁnition of 
M T 2 . We denote this trial mass by ˜ m . The dependence of the deﬁnition 
of M T 2 on the trial mass makes it a function of ˜ m . This function has 
been shown in Ref. [ 16 ] to have a kinematic endpoint 
M max T 2 , 2 −body ( ˜  m ) = C 2 −body + 
√ 
C 2 2 −body + ˜ m 2 , (26) 
where the C parameter is given by 
C 2 −body = 
m 2 A − m 2 X 
2 m X 
. (27) 
This C parameter can be deduced from Eq. (26) by substituting the 
experimental value of the kinematic endpoint and the chosen trial 
DM mass. 
2.2.2. Three-body decay, one visible and two invisibles 
As previously mentioned, for three-body decays we assume that 
the extra particle Y is also invisible. Therefore, as far as the detectable 
ﬁnal state is concerned, the three-body decay looks like a two-body 
process. Since we are not a priori aware of the number of invisible 
particles involved in the decay process, a natural assumption is to 
hypothesize a single invisible particle per decay chain as in a two- 
body decay. In this context, we shall refer to this supposition as the 
“na ¨ıve”M T 2 method (for three-body decay) [ 10 ]. 
In each event, this three-body decay can be understood as a two- 
body decay process where the two invisible particles X and Y behave 
like a single invisible particle with an effective mass equal to the invari- 
ant mass of the system formed by particles X and Y . As is well-known, 
the invariant mass of the particles X and Y follows a distribution and 
ranges from m X + m Y to m A . Therefore, the overall kinematic end- 
point in the corresponding M T 2 distribution arises when the invariant 
mass of the X–Y system is minimized [ 10 ]. The theoretical expectation 
for M max T 2 , 3 −body is similar to that of the two-body decay: 
M max T 2 , 3 −body ( ˜  m ) = C 3 −body + 
√ 
C 2 3 −body + ˜ m 2 , (28) 
where the C parameter is given by 
C 3 −body = 
m 2 A − ( m X + m Y ) 2 
2 m A 
. (29) 
When comparing to the two-body case, two different features should 
be noted. First, given the same mother particle, visible state, and trial 
DM mass, the kinematic endpoint of the M T 2 distribution for the three- 
body process is expected to be smaller than that of the two-body 
process. This is because for the three-body decay, one more invisible 
particle, Y , is involved (see and compare Eqs. (27) and (29) , i.e., m X 
+ m Y ≥m X ). Second, the fall-off of the distribution of the three-body 
process at the endpoint is faster than in the two-body process. This 
is because in the three-body case more kinematic constraints need to 
be satisﬁed to reach the kinematic endpoint [ 10 , 11 ]. 
Before closing the Section, a further critical observation is in order. 
According to Eqs. (26) and (28) , we see that the observed values of 
M max T 2 as a function of the various chosen trial DM masses ( ˜  m ) can be 
ﬁtted with the same equation in both the two- and three-body cases: 
M max T 2 , obs . = C + 
√ 
C + ˜ m 2 , (30) 
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 where the parameter C can be extracted from the ﬁt. This will be
used in the following to extract the C parameter without making any
assumption on the number of invisible products in the decay. 
The fact that the M T 2 endpoint can be described with the same
parametrization in terms of a generic C parameter, as in Eq. (30) ,
is not surprising. In fact, for the two-body case in events near the
endpoint each mother needs to have its decay products ( b and X )
emitted at the same rapidity (although the two mothers A can be at
different rapidities) [ 16 ]. Analogously for the three-body case, the two
invisible decay products ( X and Y ) and the particle b produced at the
same interaction vertex all need to share the same rapidity. In such
a situation, the two invisible particles are kinematically equivalent
to a single invisible particle, and so the decay can still be effectively
reduced to a two-body decay. In this sense, M max T 2 for the three-body
case corresponds to the same kinematic conﬁguration that gives the
endpoint for the two-body case. However, it must be noted that the
C parameter actually provides different information in the two cases.
For two-body decays, the C parameter in Eq. (27) is the same as the
rest-frame energy of particle b in Eq. (6) , whereas for three-body
decays, the C parameter in Eq. (29) is the same as the maximum
energy of particle b in the rest frame in Eq. (15) 5 : 
C = 
{ 
E ∗b for two-body decays 
E 
max 
b for three-body decays . 
(31)
This observation puts us in the position to extract the C parameter
from the M T 2 distribution and compare it with the peak value in the
energy distribution of the visible particle so as to test the nature of
the decay. 
3. General Strategy to distinguish Z 2 and Z 3 
We now apply the above theoretical observation to the determi-
nation of the underlying DM stabilization symmetry. To pinpoint this
stabilization symmetry, we study the energy distribution of the par-
ticle b from the process deﬁned in Eq. (25) . In particular, we exploit
relation between this energy distribution and the distribution of the
M T 2 variable in the same process. As will be clear from the following
analysis, the correlation between features of the distribution of these
two observables will allow us to make a much ﬁrmer statement than
merely utilizing one of them. 
In point of fact, the M T 2 distribution of the process Eq. (25) could
itself in principle be a good discriminator between Z 2 and Z 3 mod-
els. Indeed, as discussed in Section 2.2.2 , the kinematic endpoint in
the M T 2 distribution of the visible particles from a duplicate three-
body decay, which is realized under Z 3 symmetry, develops a longer
tail than that of two-body decays, the latter being realized under Z 2
symmetry. Therefore, a less sharp fall-off near the endpoint could be a
sign of more than one invisible particle in the decay [ 10 , 11 ]. However,
shape analyses of the tail of the M T 2 distribution are rather delicate,
especially in the presence of a background. Besides the issues raised
by the backgrounds, there are also some inherent complications in us-
ing only the shape of the M T 2 distribution to determine the underlying
stabilization symmetry. For example, the effects of spin correlation
could change the shape of the M T 2 distribution, particularly the be-
havior near the upper endpoint of the distribution. In other words,
a certain “choice” of spin correlation could alter the sharp edge of
the M T 2 distribution in Z 2 models, mimicking the typical distribution
shape characteristic of Z 3 models, and vice versa. 
Alternatively, one could try to use the energy distribution of the b
particles in events from the process Eq. (25) . Recall that the distribu-
tion of the visible particle energy in their mother particle ’ s rest frame5 Alternatively one can interpret the C parameter of the three-body decay as the 
analogy of the two-body case where the mass of the single DM particle is replaced by 
the mass of the effective single body made of the two DM, i.e. the sum of the mass of 
the two DM particles, as apparent from the comparison of Eqs. (27) and (29) . 
 
 
 is δ function-like in Z 2 models, whereas the distribution in Z 3 models
is non-trivial. Therefore, once the decay products are boosted to the
laboratory frame from their mother particle ’ s rest frame, the energy
distribution for Z 3 physics is expected to be relatively broader for a
given mother particle. However, it is very hard to quantify the width
of the resulting energy distributions in both Z 2 and Z 3 models because
it is strongly model-dependent. In particular, the shape of the energy
distribution in the laboratory frame is governed by the boost distribu-
tions of the mother particles, which are subject to uncertainties. Such
uncertainties come from the fact that we are not a priori aware of the
underlying dynamics governing the new physics involved in the pro-
cess Eq. (25) , which affects, for instance, the production mechanism
of the mother particles. 
In order to overcome the difﬁculties described above, we propose
here a combined analysis of the two distributions. The goal is to obtain
a more robust technique that is sensitive to the differences between
the Z 2 and the Z 3 models but largely independent of the other details
of the models. Also, we aim at formulating a method that is less
demanding from an experimental standpoint and more stable against
the inclusion of experimental errors. The analysis proceeds in two
steps as explained in the following. 
From the data, one ﬁrst produces the M T 2 distribution using a trial
DM mass and extracts the kinematic endpoint M max T 2 , obs . . Then, by sub-
stituting the measured endpoint into the function given in Eq. (30) ,
one obtains the C parameter. As illustrated in Eq. (31) , the C parame-
ter has different physical implications depending on the stabilization
symmetry of the DM. For the Z 2 case, it is the energy of the visible par-
ticle in the rest frame of its mother particle, and by virtue of [ 14 , 15 ],
it is expected to be the value of the peak of the energy distribution
in the laboratory frame. Alternatively, for a Z 3 model the C param-
eter is an upper bound to the peak of the energy distribution in the
laboratory frame. Therefore, the comparison between the extracted C
parameter and the peak position in the b particle energy distribution
enables us to determine whether the relevant physics is Z 2 or Z 3 . This
observation can be summarized as follows: 
E 
peak 
b , ob s . = C obs . = 
m 2 B ′ − m 2 χ
2 m B ′ 
for Z 2 , 
E 
peak 
b , ob s . < C obs . = 
m 2 B ′ − 4 m 2 χ
2 m B ′ 
for Z 3 . 
(32)
Some remarks must be made about our proposal. First, the use of the
distribution of M T 2 is needed only to the extent that this is useful
to extract the C parameter. In fact, in order to ﬁnd the reference
value needed for the comparison of Eq. (32) , any other observable
that is sensitive to the relevant combination of masses could be used.
Second, spin correlation effects do not change the location of the
peak in the energy distribution of the b particle as long as the bottom
partners are produced unpolarized, as discussed earlier. Additionally,
although the overall shape near the endpoint of the M T 2 distribution
could be affected by non-trivial spin correlation effects, the endpoint
value is not. Furthermore, substantial errors in the determination of
the M T 2 endpoint can be tolerated. In fact, as shown in Fig. 2 , the
difference between the reference value and the typical peak of the
energy distribution in a three-body decay is quite large. 
For the above reasons, we believe that compared with other meth-
ods which utilize only M T 2 , the method presented here is more gen-
eral and more robust in highlighting the different kinematic behavior
inherent to the two different stabilization symmetries. 
In order to demonstrate the feasibility of the proposed analysis,
we work out in detail an application of our method to the case of pair
production of partners of the b quark that decay into a b quark and
one or two invisible particles in the next section. 
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 . Application to b quark partner decays 
In this Section, we study in detail the production of b quark part- 
ers, B ′ , and their subsequent decay into b quarks and one or two DM 
articles. As mentioned in the introduction, b quark partners occur in 
any well-motivated extensions to the SM. In the following, we apply 
he results of Sections 2 and 3 with the underlying goal of “counting”
he number of DM particles in the above decay process. Although we 
mploy DM and a b quark partner with speciﬁc spin for the purpose 
f illustrating our technique, we emphasize that our method can be 
pplied for any appropriate choice of spins for the involved particles. 
n fact, the choice of spins does not alter our results so long as the 
other particles are produced unpolarized. 
Because the b quark partners are charged under QCD, the domi- 
ant production channel at hadron colliders would be via color gauge 
nteractions, which guarantee that the b quark partners would be pro- 
uced unpolarized and in pairs. Due to the fact that these particles 
re produced in pairs, the above results given for M T 2 are in force. 
urthermore, the unpolarized production guarantees that the results 
f Section 2 can be applied to the energy distribution. 
In what follows, we consider the QCD pair production of heavy b 
uark partners at the LHC running at a center-of-mass energy 
√ 
s = 
4 T eV , and we take as signal processes: 
pp → B ′ B ′ → b b χχ for Z 2 , (33) 
pp → B ′ B ′ → b b χχχχ for Z 3 , (34) 
here χ is the DM particle. Once produced, we assume that each B ′ 
ecays into a b quark and either one or two stable neutral weakly- 
nteracting particles (see also Fig. 1 ). These processes will appear in 
he detector as jets from the two b quarks and missing transverse 
nergy 
pp → b b + E/ T for both Z 2 and Z 3 . (35) 
ote that our program is meant to be carried out only after the dis- 
overy of heavy b quark partner. In fact, our focus is not on discovery, 
ut on determining what type of symmetry governs the associated 
ecays of such a particle once the discovery is made, speciﬁcally in 
he b b + E/ T channel. In order to achieve this goal, a high integrated 
uminosity would be required to make a deﬁnitive determination of 
he underlying symmetry. Likewise, compared with the criteria nec- 
ssary to claim the discovery of such a resonance, a different set of 
vent selection conditions would be likely have to be used in order 
o make a deﬁnitive determination of the underlying stabilization 
ymmetry. 
For our proof-of-concept example, we take m B ′ = 800 GeV and 
 χ = 100 GeV while noting that searches for scalar b quark partners 
uch as Ref. [ 17 ] are in principle sensitive to our ﬁnal state. Unfortu- 
ately, there is no available interpretation of this search in terms of a 
ermionic partner; a naive rescaling of the current limits on a scalar 
artner with mass of about 650 GeV shows that our choice of mass 
arameters might be on the verge of exclusion. However, we remark 
hat our choice is only for the purpose of illustrating our technique, 
nd can just as easily be applied to a heavier B ′ . 
There are several SM backgrounds that are also able to give the 
ame detector signature as our signal. Since we require a double b - 
agging, the main backgrounds to our signal are the following three 
rocesses: (i) Z + b b , where Z decays into two neutrinos, (ii) W ± + b b , 
here the W decay products are not detected, and (iii) t t where again 
he two W ’ s from the top decay go undetected. 6 The ﬁrst background 
s irreducible, while the latter two are reducible. 6 By undetected we mean that the decay products do not pass our selection criteria 
r are legitimately undetected. To reduce these backgrounds to a level that allows clear extrac- 
tion of the features of the b -jet energy and M T 2 distribution, we put 
constraints on the following observables: 
• p T , j 1 is the transverse momentum of the hardest jet in the event, 
• E/ T = |−, 
∑ 
i , 
→ 
p T , i | is the missing transverse energy of the event 
and is computed summing over all reconstructed objects, 
• S T = 2 λ2 λ1 + λ2 is the transverse sphericity of the event. Due to the 
tendency of QCD to produce strongly directional events, the back- 
ground processes typically have small sphericity, while decay 
products of a heavy B ′ are expected to be signiﬁcantly more 
isotropic and hence will preferentially have a larger sphericity 
[ 18 ]. 
In general, the mismeasurement of the momenta of the observable 
objects used to compute E/ T can produce an instrumental source of 
E/ T , as opposed to a “physical” source of E/ T which originates from 
invisible particles carrying away momentum. The mismeasurement 
of E/ T can grow as objects of larger p T are found in an event, and it is 
therefore useful to compare the measured missing transverse energy 
with some measure of the global transverse momentum of the event. 
For this reason, we introduce the quantity 7 
f = E/ T /M ef f where M ef f ≡ E/ T + | p T j 1 | + | p T j 2 | 
which is expected to be small for events where the E/ T comes from 
mismeasurements, but should be large for events where invisible par- 
ticles carry away momentum. Furthermore, when the instrumental 
E/ T originates mostly from the mismeasurement of a single object, 
the E/ T is expected to point approximately in the direction of one of 
the visible momenta. Therefore, the events where the E/ T is purely 
instrumental are expected to have a small 
φ ( E/ T , jets ) , 
which is the angle between the direction of the missing transverse 
momentum and any 
→ 
p T j . 
To select signal events and reject background events, we choose 
the following set of cuts: 
0 leptons with | ηl | < 2 . 5 and p T l > 20 GeV for l = e, μ, τ , (36a) 
2 b −tagged jets with | ηb | < 2 . 5 and P T ,b 1 > 100 GeV , 
P T ,b 2 > 40 GeV , 
(36b) 
E/ T > 300 GeV , (36c) 
S T > 0 . 4 , (36d) 
f > 0 . 3 , (36e) 
φmin ( E/ T , b i ) > 0 . 2 rad for all the selected b -jets b i . (36f) 
Note that the our cuts are of the same sort used in experimental 
searches for new physics in ﬁnal states with large E/ T , 0 leptons and 
jets including 1 or more b -jets (see, for instance, [ 19 ]). However, notice
that in our analysis, we privilege the strength of the signal over the 
statistical signiﬁcance of the observation. As already mentioned, we 
imagine this investigation being carried out after the initial discovery 
of a B ′ has taken place. Hence, we favor enhancing the signal to better 
study the detailed properties of the interaction(s) of B ′ . For this reason, 
we cut more aggressively on E/ T and S T than in experimental searches 
and other phenomenological papers focusing on the discovery of B ′ s 
(see, for example, [ 5 ]). 7 Sometimes a slightly different quantity f ′ = E/ T / 
∑ 
i | p T ,i | is used in the same con- 
text of our f . The two variables have the same meaning and give similar results. 
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Table 1 
Cross-sections in fb of the signals and the dominant background Z + b b after the cuts 
of Eq. (36) . The mass spectrum for the signals is m B ′ = 800 GeV and m χ = 100 GeV. 
The line “No cuts” is for the inclusive cross-section of the signal. The line “precuts”
gives the cross-section after the cuts E/ T > 60 GeV, p T , b > 30 GeV, ηb < 2.5, R bb > 0.7 
that are imposed solely to avoid a divergence in the leading order computation of the 
background. In the last line, the rate of tagging b quarks is assumed 66% [ 22 ]. 
Cut Z 2 ( B → bχ) Z 3 ( B → bχχ) Z + b b ( Z → νν) 
No cuts 159.75 159.75 –
Precuts 139.89 136.73 2927 
p 
j 1 
T > 100 GeV, 
p 
j 2 
T > 40 GeV 
139.64 133.76 971.9 
E/ T > 300 GeV 101.73 69.01 19.93 
f > 0.3 89.66 65.21 19.40 
φmin > 0.2 88.95 64.31 18.81 
S T > 0.4 30.03 16.07 1.96 
2 b -tagged jets 13.29 7.18 0.87 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8 We remark that as apparent from the ﬁgure, the signal rate is much larger than 
that of the background, and therefore the shape of the distribution expected at the LHC 
largely reﬂects the features of the signal. In this case, it seems particularly straightfor- 
ward to extract the endpoint of the distribution. In other cases where the background 
is larger, the extraction of the endpoint may require a more elaborate procedure, 
especially for the Z 3 case where the endpoint is much less sharp (for example, see 
[ 23 , 24 , 10 , 25 ]). We consider quarks separated by R > 0.7 as jets. With this as
our condition on jet reconstruction, the cuts of Eq. (36) can be readily
applied to the signals and to the Z + b b background; the resulting
cross-sections are shown in Table 1 . These cross-sections are com-
puted from samples of events obtained using the Monte Carlo event
generator MadGraph 5 v1.4.7 [ 20 ] and parton distribution functions
CTEQ 6L1 [ 21 ]. For the sake of completeness, we specify that in gener-
ating these event samples we assumed a fermionic B ′ and a weakly
interacting scalar χ . However, as already stressed, we anticipate that
different choices of spin for these particles will not signiﬁcantly af-
fect our ﬁnal result because the production via QCD gives rise to an
effectively unpolarized sample of b quark partners. 
The estimate of the reducible backgrounds requires more work,
as it is particularly important to accurately model the possible causes
that make 
pp → t t → b b + X and pp → W ± + b b , 
a background to our 2 b + E/ T signal. In fact, these processes have
larger cross sections than Z + b b . However, they also typically give
rise to extra leptons or extra jets with respect to our selection criteria
in Eq. (36) . Therefore, in order for us to consider them as background
events, it is necessary for the extra leptons or jets to fail our selection
criteria. Accordingly, the relevant cross-section for these processes
is signiﬁcantly reduced compared to the total. In fact, we ﬁnd that t t 
and W ± b b are subdominant background sources compared to Z + b b .
In what follows, we describe how we estimated the background rate
from t t and W ± b b . 
An accurate determination of the proportion of t t and W ± b b back-
ground events that pass the cuts in Eq. (36) depends on the ﬁner
details of the detector used to observe these events. However, the
most important causes for the extra jets and leptons in the reducible
backgrounds to fail our jet and lepton identiﬁcation criteria can be
understood at the matrix element level. We estimate the rate of the
reducible backgrounds by requiring that at the matrix element level,
a suitable number of ﬁnal states from the t t and W + b b production
fail the selections of Eq. (36) for one of the following reasons: 
• the lepton or quark is too soft, i.e., p T , l < 20 GeV, p T , j < 30 GeV 
• or the lepton or quark is not central, i.e. | ηl , j | > 2.5. 
Additionally, when any quark or lepton is too close to a b quark,
we consider them as having been merged by the detector, and the
resulting object is counted as a b quark (i.e., R bl < 0.7, R bj < 0.7), or
if any light quark or lepton is too close to a light jet, they are likewise
merged, and the resulting object is counted as a light quark (i.e., R jl
< 0.7, R jj < 0.7). In the latter case, the light ”jet” resulting from a
merger must then also satisfy the p T and η criteria given above for
going undetected. Using our method to estimate the results on the backgrounds in
Ref. [ 5 ], the analysis of which was carried out with objects recon-
structed at the detector level, we ﬁnd that our estimates agree with
Ref. [ 5 ] within a factor of two. Because we successfully captured the
leading effect, we did not feel the necessity of pursuing detector sim-
ulations in our analysis. 
Estimating the reducible background after the selections in Eq.
(36) , we ﬁnd that t t and W + b b are subdominant compared to Z + b b . 
The suppression of the reducible backgrounds, and in particular,
of t t , comes especially from the combination of the S T and E/ T cuts.
This is shown in Fig. 3 , where we plot the E/ T distributions of the three
backgrounds under different S T cuts: S T > 0, S T > 0.2, and the cut S T >
0.4, which is used in our ﬁnal analysis. Clearly, one can see that for a
E/ T as large as our requirement in Eq. (36) , the dominant background
is Z + b b , and that in particular, the t t is signiﬁcantly suppressed by
simultaneously requiring a large E/ T and moderate S T cut (rightmost
panel in the ﬁgure). 
As the ﬁrst step in our analysis, we compute the M T 2 distributions
expected at the LHC for our two potential cases of new physics in-
teractions, Z 2 and Z 3 . The distributions for the two cases are shown
in Fig. 4 . Since we found that with selections of Eq. (36) , the Z + b b
process is the dominant background, as seen in the ﬁgure, we con-
sider it the only background process. The two distributions have been
computed assuming a trial mass ˜ m = 0 GeV and have an endpoint at
787.5 GeV and 750 GeV for the Z 2 and the Z 3 cases, respectively. Inter-
preting the distributions under the na ¨ıve assumption of one invisible
particle per decay of the B ′ , we obtain from Eq. (30) a C parameter
that is 383.75 GeV and 375 GeV for Z 2 and Z 3 , respectively. These
are the reference values that we need for the analysis of the energy
distributions. 8 
As the ﬁnal step in our analysis, we need to compare the obtained
reference values with the peaks of the energy distributions. These dis-
tributions are shown in Fig. 5 . We clearly see that the location of the
peak in the energy distribution the Z 2 case coincides with the associ-
ated reference value, whereas for the Z 3 case the peak is, as expected,
at an energy less than the associated reference value. We remark that
in the Z 3 case, the peak of the energy distribution is signiﬁcantly dis-
placed with respect to the reference value. Therefore, we expect our
test of the Z 2 nature of the interactions of the B 
′ to be quite robust
under the inclusion of both experimental and theoretical uncertain-
ties, such as the smearing of the peak due to the resolution on the jet
energy, the errors on the extraction of the reference value obtained
from the M T 2 analysis, and the shift of the peak that is expected due
to radiative corrections to the leading order of the decay of the B ′ . 
5. Conclusions 
In this treatise, we studied the problem of the experimental deter-
mination of the general structure of the interactions of an extension
to the SM that hosts collider-stable WIMPs. If these new particles are
charged under a new symmetry and the SM particles are not, then
the lightest such WIMP is stable and is concomitantly a candidate for
the DM of the universe. In the context of such DM models, our work
is thus relevant for the determination of the stabilization symmetry
of this DM. In more detail, such models typically have heavier new
particles that are charged under both the SM gauge group and the DM
stabilization symmetry. Thus, these particles can be produced via the
collision of SM particles, and will decay into DM plus SM particles.
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Fig. 3. E/ T distributions for the three backgrounds ( Z + b b , W ± + b b , and t t ) with S T cuts of increasing magnitude, S T > 0.0, > 0.2, and > 0.4 from the left panel to the right panel. 
In each plot, the black solid, blue dotdashed, and red dashed curves represent Z + b ab , W ± + b b , and t t , respectively. (For interpretation of the references to colour in this ﬁgure 
legend, the reader is referred to the web version of this article.) 
Fig. 4. M T 2 distributions after the cuts of Eq. (36) . The chosen masses for the new particles are m B ′ = 800 GeV and m χ = 100 GeV. The left panel is for the Z 2 signal while the right 
panel is Z 3 (both in blue). In both cases, the background is Z + b b (red). In both panels, the black line represents the sum of signal and background. The black vertical dashed lines 
denote the theoretical prediction for the endpoints. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
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she number of DM particles in such a decay depends on the DM sta- 
ilization symmetry. Our goal was to devise a strategy to count this 
umber of DM and thus probe the nature of this symmetry, based 
nly on the visible part of the decays. 
To illustrate the technique, we studied models with fermionic b 
uark partners, i.e. colored fermions with electric charge −1 / 3 with 
izable coupling to the b quark. In our example, we considered the 
ase of b quark partners with mass at or below the TeV scale. The 
ossibility of such is motivated by extensions to the SM that solve the 
lanck-weak hierarchy problem, since they contain top partners and, 
hus by SU (2) L symmetry, bottom partners. In the same model, it is 
lso possible to have a WIMP DM. The b quark partners, as the typical 
tates of the new physics sector, are charged under this stabilization 
ymmetry and will then decay into a bottom quark, plus DM. Further- 
ore, thanks to their color gauge interactions, the b quark partners 
ave a large production cross-section at hadronic colliders. There- 
ore the study of b quark partners is very well-suited to illustrate our 
echnique. 
The literature on b quark partners thus far has only considered 
ingle DM in each decay chain, as would be the case in models where the DM is stabilized by a Z 2 symmetry. However, in general, there can 
be more than one DM in this decay chain; for example, two DM are 
allowed in the case of a Z 3 stabilization symmetry, albeit not in the 
case of a Z 2 symmetry. So, the question we posed is whether we can 
distinguish the hypothesis of one vs. (say) two DM particles appearing 
in each of these decay chains. As mentioned above, in this way we can 
probe the nature of the DM stabilization symmetry. The question is 
non-trivial, because in either case the detectable particles produced 
are the same, and so is the signal of the b quark partners ’ production, 
i.e. b b + E/ T . 
To distinguish between one and two DM in each b quark partner 
decay chain, the ﬁrst result we used is that the measured M T 2 endpoints 
can be ﬁtted by the formula Eq. (30) irrespectively of how many DM 
particles are produced. The value of the free parameter obtained by 
ﬁtting Eq. (30) to the data is used in the next step of our analysis 
as follows. The second theoretical observation is that the peak of 
the distribution of the b quark energy in the laboratory frame is the 
same as the mother rest frame value for the two-body decay, but is 
smaller than the maximum value in the mother rest frame for the 
three-body decay. The crux is that the rest frame energy that is used 
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Fig. 5. Energy distributions of the b quarks after the cuts of Eq. (36) . The chosen masses for the new particles are m B ′ = 800 GeV and m χ = 100 GeV. The left panel is for the Z 2 
signal, while the right panel is Z 3 (both in blue). In both cases, the background is Z + b b (red). In both panels, the black line represents the sum of signal and background. The black 
vertical dashed lines denote the reference values extracted from the M T 2 distributions of Fig. 4 using Eq. (30) . (For interpretation of the references to colour in this ﬁgure legend, 
the reader is referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 as a reference value in this comparison is precisely the parameter
obtained in the above M T 2 analysis. Combining the above two facts,
we showed that the peak of observed bottom-jet energy being smaller
than (vs. same as) the reference value obtained from the M T 2 endpoint
provides evidence for two (vs. one) DM particles in the decay of a b
quark partner, and thus a Z 3 symmetry can be distinguished from Z 2 . 
We veriﬁed our theoretical observations in B ′ pair production and
decay at the LHC. To assess the feasibility of the determination of the
stabilization symmetry with our method, we simulated the signal and
the dominant SM backgrounds. Using suitable cuts, we showed that
the background in this case is due mostly to Z + b b . We studied in
detail the case where the b quark partner has a mass m B ′ = 800 GeV 
and the invisible particles have a mass m χ = 100 GeV. In this case, the
background can be made small compared to the signal using the cuts
of Eq. (36) . In Figs. 4 and 5 , we show the resulting M T 2 and b quark
energy distributions relevant to our analysis. We observed that the
peak in the b quark energy distribution for Z 2 models is consistent
with the reference value from the M T 2 endpoint, while that of Z 3
models is apparently less than the corresponding reference value.
The determinations of the peak of the energy distribution and of the
reference value needed for our analysis are subject to uncertainties,
e.g. those that propagate from the error in the determination of the
M T 2 endpoint. However, the evidence for a Z 3 stabilization symmetry
comes from a difference between the peak of the energy distribution
and the reference value. The theoretical prediction for this difference
is large enough compared to the relevant uncertainties so that the
proposed method seems to be quite robust, and should allow a clear
discrimination of the stabilization symmetry of the DM. 
In future work we plan to extend the theory of Section 2 to deal
with massive visible decay products. Thus, we shall be able devise a
strategy to tell apart Z 2 and Z 3 stabilization symmetry in top quark
partners decays into a top quark and invisible particles, which arise
in the same scenario that we studied here. We also expect that our
theoretical observation can be relevant in other applications, such as
distinguishing two-body from three-body decays independently ofthe issue of DM. 
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